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Abstract:  
 
 
PI3K is critical for the normal function of the immune system, however dysregulated PI3K 
mediated signalling has been linked to the development of many immune mediated 
pathologies. This review describes current progress in the development of isoform-specific 
PI3K inhibitors that hold promise for the treatment of hematopoietic malignancies as well as 
for inflammatory and autoimmune diseases. A SH2-domain containing inositol-5-phosphatase 
(SHIP) is a regulator of PI3K signalling, and is also discussed as a potential drug target for 
immunomodulation and the treatment of leukemia. Recent progress has been made in the 
development of small molecule compounds that potently and selectively modulate SHIP 
activity and hence provide a novel mechanism to alter PI3K mediated signalling.  
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Introduction 
 
Activation of class 1 phosphoinositide 3-kinase (PI3K) occurs following ligation of a plethora 
of leukocyte receptors that are responsible for innate and adaptive immune responses [1-3]. 
Activation of PI3K results in the addition of a phosphate group to its lipid substrate PI(4,5)P2, 
forming PI(3,4,5)P3 in the cell surface membrane. PI(3,4,5)P3 initiates a variety of signalling 
cascades by interaction with pleckstrin homology (PH) domain containing proteins, most 
notably the serine kinase Akt [4].  
 
Class 1A isoforms (PI3Kα, PI3Kβ and PI3Kδ) are activated by receptor tyrosine kinases, 
whilst the Class 1B isoform PI3Kγ is activated following GPCR ligation.  However, these 
definitions are proving less rigid than previously thought. For example, PI3Kβ has been 
shown to signal downstream of GPCR activation [5], whilst activation of the Class 1B 
isoform PI3Kγ has been reported by receptor tyrsosine kinases and TLR/IL-1Rs [6]. PI3Kγ 
has also been reported to participate in T-cell-receptor signalling [7]. The PI3Kα and PI3Kβ 
isoforms appear to have a broad tissue distribution, while PI3Kδ and PI3Kγ are primarily 
expressed in leukocytes.  Studies using mice in which the genes encoding PI3Kδ or PI3Kγ 
have been either altered to encode kinase-inactive mutants (e.g. PI3KδD910A mice) or deleted, 
have revealed that PI3Kδ and PI3Kγ have non-redundant but often co-ordinated, functions in 
B cells, T cells, NK cell, neutrophils, mast cells and dendritic cells [1-3,8,9].  Indeed, when 
the immune system of these mice is challenged they exhibit severely defective responses to 
infection [1-3].  
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Development of PI3K inhibitors to target the immune system: lessons from PI3Kδ 
The strong evidence of a role of dysregulated PI3Kγ and PI3Kδ in immune-mediated 
pathologies, has prompted intense efforts to develop selective inhibitors of these isoforms. 
The first compounds to block PI3K–the natural product wortmannin and Lilly’s Ly294002 
were reported in the early 1990’s and served as useful experimental tools to research the PI3K 
pathway [2]. This is evidenced by nearly 6000 PUBMed hits for Ly294002 alone.  However, 
the usefulness of wortmannin and Ly294002 both as research tools and potential drugs was 
tempered by their broad targeting of all PI3K isoforms and off-target effects [10]. However, 
the simple planar structure of Ly294002 (Figure 1) has aided the design of more selective 
pan-PI3K and isoform specific inhibitors. In particular, crystal structures of PI3Ks bound to 
Ly294002, have facilitated huge advances in the design of PI3K inhibitors which utilize the 
regions of the ATP binding pocket to achieve greater potency and selectivity as well as 
reduced toxicity  [11-13] 
 
Compounds that selectively inhibit PI3Kγ have been identified, with a series of compounds 
designed by Merck Serono SA based on the thiazolidinedione scaffold. One of these, AS-
605240 (Figure 1), exhibited superior potency compared to related compounds, can be 
administered orally and has high cell membrane permeability [14]. However, the subsequent 
development of PI3Kγ inhibitors for the treatment of inflammatory disorders in humans has 
been largely disappointing. This is most likely due to the selectivity achieved for PI3Kγ over 
other class 1A PI3K isoforms, being insufficient to avoid off-target effects.  In contrast, the 
development and implementation of inhibitors which target the PI3Kδ isoform has proven 
more successful. The discovery of the quinazolinone purine series, exemplified by the ICOS 
compound  IC-87114 (Figure 1) demonstrated that the design of isoform selective PI3K 
inhibitors with at least 50-fold potency over other isoforms was possible to achieve [15]. 
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In 2006 several members of ICOS Corporation formed a spin-out company, Calistoga 
Pharmaceuticals. Calistoga developed CAL-101, a PI3Kδ specific inhibitor that exhibits 40-
300 fold selectivity over other PI3K isoforms.  CAL-101 which was acquired by Gilead in 
February 2011 and recently renamed GS-1101) has shown success in clinical trials for 
treatment of B cell malignancies where it causes rapid lymph node shrinkage and 
lymphocytosis.  CAL-101 displays a dual mechanism of action whereby it both decreases cell 
survival and reduces interactions that retain CLL cells in protective tissue microenvironments 
[16,17]. This inhibitor has therefore demonstrated an essential role for PI3Kδ in constitutive 
PI3K signaling that is required for the survival of malignant B cells. Oncogenic mutations of 
components of the PI3K signaling pathway are infrequent in B cell malignancies. A potential 
mechanism for PI3K activation in this setting is tonic antigen-independent B cell receptor 
(BCR) signaling that requires PI3Kδ for the transduction of proliferation and survival signals.   
 
Inhibition of the PI3Kδ isoform for the treatment of inflammatory disorders is also being 
explored. Specifically, CAL-101 and CAL-263 have entered clinical trials for allergic rhinitis 
(Table 1). In addition, patents have been filed by several other companies (Amgen, Intellikine 
and Incyte) describing PI3Kδ inhibitors and the majority are based on the same basic 
pharmacophore identified by ICOS [18]. However, additional scaffolds have now been 
reported by several companies; almost all of these are with intended indications against B cell 
lymphomas [18]. 
 
The non-redundant and often coordinated roles of PI3Kδ and PI3Kγ in immune cell function 
described earlier, provide a rationale for targeting both isoforms simultaneously with a single 
compound. TargeGen described two diaminopteridine-diphenol-based compounds with good 
selectivity for PI3Kγ and PI3Kδ that showed early promise in animal models of myocardial 
ischemia as well as asthma and chronic obstructive pulmonary disease [19,20]. The TargeGen 
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compounds did not progress beyond phase I/II clinical trails.  Infinity and Intellikine are 
currently in pre-clinical trials with IPI-145 (Table 1), the only PI3Kγ/δ inhibitor currently in 
development for the treatment of inflammatory disease [18].   
 
There is an increasing appreciation of a role for PI3K in the immune system including 
cooperation with PI3Kδ in the generation of reactive oxygen species (ROS) in neutrophils in 
response to fungal infection or immune complexes [21,22].   This provides a rationale for 
targeting PI3Kβ as well as PI3K in the treatment of inflammatory disorders. Indeed, 
compounds with dual selectivity for PI3Kand PI3K have been reported suggesting that this 
approach is feasible [13]. However, caution should be applied to the use of PI3Kβ inhibitors 
in inflammatory disorders due to the described role of PI3Kβ in thrombus formation and 
circulatory homeostasis [23].    
 
SHIP-1 as an alternative target for modulation of PI3K signaling. 
 
Role of SHIP in the immune system 
The development of isoform specific PI3K inhibitors for inflammatory disease, particularly 
toward PI3K, has been disappointing. This has lead to the search for alternative targets with 
which to modulate PI3K signalling specifically in the immune system. In this regard, attention 
has recently focussed on the lipid phosphatase SH2-domain containing inositol-5-phosphatase  
(SHIP), which de-phosphorylates PI(3,4,5)P3 at the D5 position of the inositol ring to create 
PI(3,4)P2. Multiple forms of SHIP have been reported, but the 145 kDa SHIP-1 (Figure 2) is 
a particularly ideal target for development of potential therapeutics for treating immune 
disorders. This is because its hematopoietic-restricted expression would limit the impact of 
SHIP-1 targeted drugs to the immune system. One would predict for example, that activators 
of SHIP-1 would lead to a reduction of cellular PI(3,4,5)P3 levels and hence, mimic the effect 
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of PI3K inhibitors.  SHIP-1 was initially considered as a negative regulator of PI3K 
signalling.  However, the SHIP-1 product PI(3,4)P2 is itself recognized by some PH domain-
containing proteins [24]. Thus SHIP-1 can act as a molecular ‘switch’, re-directing PI3K 
signalling away from PI(3,4,5)P3-dependent effector proteins, towards proteins which bind 
exclusively or partially to PI(3,4)P2. 
 
SHIP-1 is recruited to the surface membrane following ligation of a variety of receptors 
including, chemokine, antigen, co-stimulatory and cytokine receptors as well as IgG 
engagement [25]. SHIP-1 knockout mice have proven invaluable in identifying the crucial 
role of SHIP-1 in the regulation of mast cell degranulation, BCR signaling and autoantibody 
production, dendritic cell function and NK cell cytolytic function (Table 2). SHIP-1 also 
regulates TLR signaling [26,27,28], lymphocyte polarization and migration [29] and has a 
pivotal role in regulating the balance between pro-inflammatory and anti-inflammatory 
myeloid and lymphoid cells [30,31].   
 
The Role of SHIP-1 in leukemia  
Over-activation of PI3K-dependent signalling cascades is a common occurrence in many 
human cancers [32].  The lipid phosphatase PTEN which also negatively regulates PI(3,4,5)P3 
accumulation by de-phosphorylating the D3 position of the inositol ring, is a well 
characterized tumour suppressor gene [33]. Likewise, evidence for mutations of SHIP-1 have 
also been shown in acute lymphoblastic leukaemia [34] and in acute myeloid leukaemia [35].  
SHIP-1 is targeted by miR-155 in B cells, with high levels of miR-155 and reduced SHIP-1 
expression linked to the development of acute lymphoblastic leukaemia in mice [36]. miR-
155 levels were also found to be significantly increased in human patients with diffuse large 
B cell lymphoma [37]. The loss of SHIP-1 has been shown to promote the development of 
erythroleukemia, with SHIP-1 identified as a target gene of the oncogene fli-1 [38]. The loss 
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of SHIP-1 has been shown to promote the development of erythroleukemia, with SHIP-1 
identified as a target gene of the oncogene fli-1 [38]. The role of SHIP-1 as a tumour 
suppressor is also evident in  the ability of SHIP-1 to restrict myeloid suppressor cells and 
regulatory T cells [30,39]. Therefore the loss of SHIP-1 expression/ function may lead to 
increased suppression of T-cell mediated anti-tumour immunity.  Indeed, in murine pancreatic 
cancer SHIP-1 expression was shown to be reduced in splenocytes which also correlated with 
an increase in myeloid suppressor cell numbers [40]. Decreased SHIP-1 expression has also 
been shown in myelodysplastic syndrome progenitor cells, where over-expression of SHIP-1 
inhibited myeloid leukemic growth [41]. 
 
The role of SHIP-1 in leukemia however, appears more complex than initially thought. For 
example, SHIP-1 was shown not to act as a tumour suppressor in myeloma cells [42]. The use 
of a small molecule SHIP-1 inhibitor demonstrated that catalytically active SHIP-1 is required 
for the survival of multiple myeloma cells [43] and that therefore, in certain cases, SHIP-1 
actually supports cancer cell survival. This would be consistent with increased levels of the 
SHIP-1 enzymatic product PI(3,4)P2 promoting Akt activation and survival/proliferation [44]. 
Indeed another group has shown that SHIP-1 inhibits CD95/Fas-mediated apoptosis of T cells 
[45].  
 
Pharmacological Targeting of SHIP  
 
Allosteric SHIP-1 activators: 
The identification and description of an activator of SHIP-1, termed pelorol, was first 
described in 2005 and was derived from the marine invertebrate Dactylospongia elegans [46]. 
Aquinox Pharmaceuticals designed more potent synthetic analogies AQX-MN100 and AQX-
016A (Figure 1) which along with  PI(3,4)P2, were shown to allosterically enhance catalytic 
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activity by binding to the C2 domain of SHIP-1 (Figure 2). AQX-016A and AQX-MN100 
showed potent inhibition of immune cell activation in vitro and were anti-inflammatory in 
vivo using mouse models of endotoxemia and acute cutaneous anaphylaxis [47]. Intriguingly, 
these SHIP-1 activating compounds increased apoptosis of multiple myeloma cells in vitro 
and when used in combination with bortezomib (an established multiple myeloma treatment) 
proved more effective at inhibiting cancer cell proliferation than bortezomib alone [48]. 
Aquinox Pharmaceuticals are developing SHIP-1 activating compounds based on the structure 
of pelorol, to be used in inflammatory disorders. AQX-1125 is the most advanced and  passed 
Phase 1 clinical trials in 2011, with Phase IIa clinical studies initiated in late 2011 for the 
treatment of mild and moderate asthma (Table 1) 
 
SHIP-1 inhibitors 
A novel small molecule selective inhibitor of SHIP-1, termed 3 α-aminocholestane (3AC, 
Figure 1) has also recently been identified using high throughput screening, although the site 
of action is currently unclear [43]. Consistent with observations from SHIP-1 deficient mice, 
treatment of mice with 3AC led to increased numbers of myeloid suppressor cells and reduced 
ability of peripheral lymphoid tissues to prime myeloid-associated responses and protected 
against Graft-versus-host disease [43]. The inhibition of SHIP-1 using pharmacological 
compounds may therefore offer the potential to aid transplant acceptance in patients 
undergoing transplant surgery.  3AC also increased levels of granulocytes, red blood cells, 
neutrophils and platelets in mice and could therefore, have potential to improve blood cell 
number in patients with myelodysplastic syndrome or myelosuppressive infection.   
 
Remarkably, SHIP-1 inhibition using 3AC induced the apoptosis of human AML cell lines 
which is consistent with SHIP-1 being anti-apoptotic under some circumstances [43]. Further 
studies showed that 3AC inhibited multiple myeloma cell growth in a tumour xenograft 
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model in mice [49]. Since both substrate [PI(3,4,5)P3] and  product [PI(3,4)P2] of SHIP-1 
have been shown to influence Akt activation and cell survival, this may explain in part, why 
both activators and inhibitors of SHIP-1 have shown efficacy against leukemic cells [50]. 
 
SHIP-2 inhibitors 
SHIP-2 shares 35% homology with SHIP-1, and is thought to be involved in type-2 diabetes 
and obesity [51]. Its ubiquitous expression means that it is also expressed in leukocytes and 
one concern is that inhibition of SHIP-1 will be compensated for by SHIP-2. In recent years 
progress has been made in the development of small molecule compounds which inhibit the 
catalytic activity of SHIP-2 [52]. Another group has identified a novel biphenyl 2,3’4,5’,6-
pentakisphosphate [BiPh(2,3',4,5',6)P5], which showed potent inhibition of SHIP-2 catalytic 
activity [53]. This biphenyl compound is however, not cell permeable and does not possess 
drug-like properties. Nevertheless, the crystal structure of the phosphatase domain of SHIP2 
bound to BiPh(2,3',4,5',6)P5 has recently been reported. Molecular dynamics simulations 
suggest that when BiPh(2,3',4,5',6)P5 binds to SHIP2, a flexible loop folds over and encloses 
the ligand [54]. Compounds targeting such a closed conformation might therefore deliver 
SHIP2-specific drugs. Recently, pan-SHIP-1/2 inhibitors have been reported to kill multiple 
myeloma cells [49]. The identification of both pan–SHIP and SHIP-2 inhibitors therefore 
provides a useful tool in the identification of the less well-characterized role of SHIP-2 in 
immune cell function.    
 
Summary 
The β, γ and δ isoforms of PI3K have important non-redundant roles in multiple cells of the 
immune system. Consequently alterations of the PI3K signaling pathway can lead to 
inflammatory and autoimmune disorders as well as leukemia. This, together with growing 
appreciation of the crystal structure of the catalytic isoforms which help define the structure-
 11 
activity rules for obtaining selectivity, will spur the continued design and development of 
improved PI3K inhibitors.  These offer opportunities to manipulate the PI3K signaling 
network in immune cells for inflammation and transplantation as well as cancer. The latter 
may include non-leukemic cancers, given the up-regulation of PI3Kγ and PI3Kδ in some 
forms of non-immune cell malignancies [32,55,56]. One concern would be that it might be 
difficult to avoid effects on the immune system that could impair the endogenous anti-tumor 
response.  
 
The difficulties of developing PI3Kγ inhibitors with sufficient selectivity over PI3K isoforms 
has in part, led to the exploitation of endogenous and leukocyte-restricted regulators of PI3K 
signaling, namely the lipid phosphatase SHIP-1. Small molecule regulators of this protein 
have shown early promise in inflammatory, transplantation and cancer settings, and are 
currently in phase I clinical trials to evaluate the safety, tolerability and pharmacokinetics 
(Table 1). However, the targeting of SHIP-1 (particularly with inhibitors), is not without its 
problems. For example, SHIP-1 deficiency leads to a number of pathologies including fibrotic 
lung disease [57], osteoporosis [58] and the development of Crohn’s disease-like ileitis [59]. 
Another point to take into account when pharmacologically targeting SHIP-1, is the fact that 
SHIP-1 has important non-catalytic functions [60]. Therefore inhibition of the catalytic site of 
SHIP-1 may not be sufficient to inhibit SHIP-1 mediated modulation of PI3K activity in all 
cases.  
 
 
 
 
 
 
 
 
References: 
 12 
 
1. Ward SG, Marelli-Berg FM: Mechanisms of chemokine and antigen-dependent T-
lymphocyte navigation. Biochem J 2009, 418:13-27. 
 
2. Crabbe T, Welham MJ, Ward SG: The PI3K inhibitor arsenal: choose your weapon! 
Trends Biochem Sci 2007, 32:450-456. 
 
3. Vanhaesebroeck B, Ali K, Bilancio A, Geering B, Foukas LC: Signalling by PI3K 
isoforms: insights from gene-targeted mice. Trends Biochem Sci 2005, 30:194-204. 
 
4. Vanhaesebroeck B, Guillermet-Guibert J, Graupera M, Bilanges B: The emerging 
mechanisms of isoform-specific PI3K signalling. Nat Rev Mol Cell Biol 2010, 
11:329-341. 
 
5. Guillermet-Guibert J, Bjorklof K, Salpekar A, Gonella C, Ramadani F, Bilancio A, Meek 
S, Smith AJ, Okkenhaug K, Vanhaesebroeck B: The p110beta isoform of 
phosphoinositide 3-kinase signals downstream of G protein-coupled receptors 
and is functionally redundant with p110gamma. Proc Natl Acad Sci U S A 2008, 
105:8292-8297. 
 
6. Schmid MC, Avraamides CJ, Dippold HC, Franco I, Foubert P, Ellies LG, Acevedo LM, 
Manglicmot JR, Song X, Wrasidlo W, et al.: Receptor tyrosine kinases and 
TLR/IL1Rs unexpectedly activate myeloid cell PI3kgamma, a single convergent 
point promoting tumor inflammation and progression. Cancer Cell 2011, 19:715-
727. 
** This study refutes current dogma that PI3K is activated only by GPCRs by demonstrating 
that myeloid cell PI3K is unexpectedly activated by tyrosine kinases and Toll-like/IL1-
receptors. Whereas GPCRs activate PI3K in a Ras/p101-dependent manner,  receptor 
tyrosine kinase and Toll-like/IL1 receptors directly activate PI3K in a Ras/p87-dependent 
manner.  These studies reveal that PI3K is a single convergent point controlling tumor 
inflammation and progression. 
 
 
7. Alcazar I, Marques M, Kumar A, Hirsch E, Wymann M, Carrera AC, Barber DF: 
Phosphoinositide 3-kinase gamma participates in T cell receptor-induced T cell 
activation. J Exp Med 2007, 204:2977-2987. 
 
8. Randis TM, Puri KD, Zhou H, Diacovo TG: Role of PI3Kdelta and PI3Kgamma in 
inflammatory arthritis and tissue localization of neutrophils. Eur J Immunol 2008, 
38:1215-1224. 
 
9. Saudemont A, Garcon F, Yadi H, Roche-Molina M, Kim N, Segonds-Pichon A, Martin-
Fontecha A, Okkenhaug K, Colucci F: p110gamma and p110delta isoforms of 
phosphoinositide 3-kinase differentially regulate natural killer cell migration in 
health and disease. Proc Natl Acad Sci U S A 2009, 106:5795-5800. 
 
10. Gharbi SI, Zvelebil MJ, Shuttleworth SJ, Hancox T, Saghir N, Timms JF, Waterfield MD: 
Exploring the specificity of the PI3K family inhibitor LY294002. Biochem J 2007, 
404:15-21. 
 
 13 
11. Walker EH, Pacold ME, Perisic O, Stephens L, Hawkins PT, Wymann MP, Williams RL: 
Structural determinants of phosphoinositide 3-kinase inhibition by wortmannin, 
LY294002, quercetin, myricetin, and staurosporine. Mol Cell 2000, 6:909-919. 
 
12. Berndt A, Miller S, Williams O, Le DD, Houseman BT, Pacold JI, Gorrec F, Hon WC, 
Liu Y, Rommel C, et al.: The p110 delta structure: mechanisms for selectivity and 
potency of new PI(3)K inhibitors. Nat Chem Biol 2010, 6:117-124. 
**  Describes the first crystal structures of the catalytic subunit of PI3Kδ. Revealing 
the structure of this enzyme provides exciting new insights into the behavior of the PI(3)K 
enzymes, and particularly into the reasons for isoform selectivity of small-molecule 
inhibitors.  This study provides the first detailed structural insights into the active site of a 
class IA PI3K occupied by non-covalently bound inhibitors and suggests mechanisms to 
increase the potency of inhibitors without sacrificing isoform selectivity and also how to 
optimize solubility, pharmacokinetics/metabolism and pharmacodynamic behavior 
 
13. Knight ZA, Gonzalez B, Feldman ME, Zunder ER, Goldenberg DD, Williams O, Loewith 
R, Stokoe D, Balla A, Toth B, et al.: A pharmacological map of the PI3-K family 
defines a role for p110alpha in insulin signaling. Cell 2006, 125:733-747. 
 
14.  Camps M, Rückle T, Hong J, Ardissone V, Rintelen F, Shaw J, Ferrandi, C, Chabert C, 
Gillieron C, Françon B et al.: Blockade of PI3Kgamma suppresses joint 
inflammation and damage in mouse models of rheumatoid arthritis. Nature 
Medicine 2005 11, 936 - 943  
 
15. Sadhu C, Masinovsky B, Dick K, Sowell CG, Staunton DE: Essential role of 
phosphoinositide 3-kinase delta in neutrophil directional movement. J Immunol 
2003, 170:2647-2654. 
 
16. Lannutti BJ, Meadows SA, Herman SE, Kashishian A, Steiner B, Johnson AJ, Byrd JC, 
Tyner JW, Loriaux MM, Deininger M, et al.: CAL-101, a p110delta selective 
phosphatidylinositol-3-kinase inhibitor for the treatment of B-cell malignancies, 
inhibits PI3K signaling and cellular viability. Blood 2011, 117:591-594. 
** Using tumor cell lines and primary patient samples representing multiple B-cell 
malignancies, this study  demonstrated that constitutive PI3K pathway activation is PI3K-
dependent. CAL-101 blocked constitutive PI3K signaling, resulting in decreased 
phosphorylation of Akt and other downstream effectors, an increase in poly(ADP-ribose) 
polymerase and caspase cleavage and an induction of apoptosis. These effects were been 
observed across a broad range of immature and mature B-cell malignancies, thereby 
providing a impetus for subsequent clinical evaluation of CAL-101. 
 
 
17. Hoellenriegel J, Meadows SA, Sivina M, Wierda WG, Kantarjian H, Keating MJ, Giese 
N, O'Brien S, Yu A, Miller LL, et al.: The phosphoinositide 3'-kinase delta 
inhibitor, CAL-101, inhibits B-cell receptor signaling and chemokine networks in 
chronic lymphocytic leukemia. Blood 2011, 118:3603-3612. 
** This study reveals that PI3K inhibition by CAL-101 disrupts crosstalk between the CLL 
and its microenvironment in several ways: (i)  CLL chemokine receptor function and 
signaling are modulated by CAL-101, causing diminished leukemia cell chemotaxis and 
migration beneath marrow stromal cells; (ii) CAL-101 impairs CLL cell viability, both by 
disrupting BCR signaling but also by antagonizing support from nurse-like cells and by 
interrupting paracrine secretion of chemokines by CLL cells; (iii) CAL-101 also reduced the 
exaggerated production of other chemokines and cytokines  that occurred when CLL cells 
 14 
were co-cultured with nurse-like cells. 
 
 
18. Norman P: Selective PI3Kdelta inhibitors, a review of the patent literature. Expert 
Opin Ther Pat 2011, 21:1773-1790. 
 
19. Doukas J, Eide L, Stebbins K, Racanelli-Layton A, Dellamary L, Martin M, Dneprovskaia 
E, Noronha G, Soll R, Wrasidlo W, et al.: Aerosolized phosphoinositide 3-kinase 
gamma/delta inhibitor TG100-115 [3-[2,4-diamino-6-(3-hydroxyphenyl)pteridin-
7-yl]phenol] as a therapeutic candidate for asthma and chronic obstructive 
pulmonary disease. J Pharmacol Exp Ther 2009, 328:758-765. 
 
20. Doukas J, Wrasidlo W, Noronha G, Dneprovskaia E, Fine R, Weis S, Hood J, Demaria A, 
Soll R, Cheresh D: Phosphoinositide 3-kinase gamma/delta inhibition limits 
infarct size after myocardial ischemia/reperfusion injury. Proc Natl Acad Sci U S 
A 2006, 103:19866-19871. 
 
21. Boyle KB, Gyori D, Sindrilaru A, Scharffetter-Kochanek K, Taylor PR, Mocsai A, 
Stephens LR, Hawkins PT: Class IA phosphoinositide 3-kinase beta and delta 
regulate neutrophil oxidase activation in response to Aspergillus fumigatus 
hyphae. J Immunol 2011, 186:2978-2989. 
 
22. Kulkarni S, Sitaru C, Jakus Z, Anderson KE, Damoulakis G, Davidson K, Hirose M, Juss 
J, Oxley D, Chessa TA, et al.: PI3Kbeta plays a critical role in neutrophil 
activation by immune complexes. Sci Signal 2011, 4:ra23. 
** This exciting study provides the first evidence that PI3K plays an essential, non-
redundant role in the efficient activation of mouse neutrophils by IgG-containing immune 
complexes.. LTB4 is produced in response to FcγR ligation and, following its release, signals 
in an autocrine or paracrine manner through its GPCR BLT1 to enhance immune complex-
induced ROS production. Intriguingly, this signalling loop in response to FcγR ligation was 
not abolished in PI3Kγ-deficient neutrophils, despite the known role for PI3Kγ downstream 
of BLT1. In fact, the response to co-stimulation with LTB4 and immune complexes was 
largely dependent on PI3Kβ.  the unique ability of PI3Kβ to mediate signalling downstream 
of both tyrosine kinase-linked receptors and GPCRs may allow this isoform to integrate 
signals from FcγRs and BLT1. 
 
 
23. Bird JE, Smith PL, Bostwick JS, Shipkova P, Schumacher WA: Bleeding response 
induced by anti-thrombotic doses of a phosphoinositide 3-kinase (PI3K)-beta 
inhibitor in mice. Thromb Res 2011, 127:560-564. 
 
24. Lemmon MA, Ferguson KM: Signal-dependent membrane targeting by pleckstrin 
homology (PH) domains. Biochem J 2000, 350 Pt 1:1-18. 
 
25. Harris SJ, Parry RV, Westwick J, Ward SG: Phosphoinositide lipid phosphatases: 
natural regulators of phosphoinositide 3-kinase signaling in T lymphocytes. J Biol 
Chem 2008, 283:2465-2469. 
 
26. Keck S, Freudenberg M, Huber M: Activation of murine macrophages via TLR2 and 
TLR4 is negatively regulated by a Lyn/PI3K module and promoted by SHIP1. J 
Immunol 2010, 184:5809-5818. 
 
 15 
27. Sly LM, Rauh MJ, Kalesnikoff J, Song CH, Krystal G: LPS-induced upregulation of 
SHIP is essential for endotoxin tolerance. Immunity 2004, 21:227-239. 
 
28. Gabhann JN, Higgs R, Brennan K, Thomas W, Damen JE, Ben Larbi N, Krystal G, 
Jefferies CA: Absence of SHIP-1 results in constitutive phosphorylation of tank-
binding kinase 1 and enhanced TLR3-dependent IFN-beta production. J Immunol 
2010, 184:2314-2320. 
 
29. Harris SJ, Parry RV, Foster JG, Blunt MD, Wang A, Marelli-Berg F, Westwick J, Ward 
SG: Evidence that the lipid phosphatase SHIP-1 regulates T lymphocyte 
morphology and motility. J Immunol 2011, 186:4936-4945. 
 
30. Locke NR, Patterson SJ, Hamilton MJ, Sly LM, Krystal G, Levings MK: SHIP regulates 
the reciprocal development of T regulatory and Th17 cells. J Immunol 2009, 
183:975-983. 
* SHIP has a key role in regulating CD4 T cell differentiation via its capacity to promote 
Th17 and limit Treg development. In vitro and in vivo analyses of  SHIP null mice revealed 
that in the absence of SHIP, T cells have an enhanced capacity to develop into Tregs and a 
parallel decrease in Th17 cell development. These data suggest that modulation of the PI3K 
pathway is central to T cell-mediated immune regulation and suggest that pharmacological 
manipulation of SHIP activity may represent a new strategy for manipulating the balance 
between Tregs and Th17 cells 
 
 
31. Kuroda E, Antignano F, Ho VW, Hughes MR, Ruschmann J, Lam V, Kawakami T, Kerr 
WG, McNagny KM, Sly LM, et al.: SHIP represses Th2 skewing by inhibiting IL-4 
production from basophils. J Immunol 2011, 186:323-332. 
* Demonstrates a role for SHIP as a repressor of Th2 skewing.  This occurs, at least in part, 
by SHIP inhibiting IL-3– and IgE-induced IL-4 production from basophils. SHIP may 
therefore be a novel regulator of type 2 immune responses via its repression of basophil 
activation 
 
 
32. Engelman JA: Targeting PI3K signalling in cancer: opportunities, challenges and 
limitations. Nat Rev Cancer 2009, 9:550-562. 
 
33. Hollander MC, Blumenthal GM, Dennis PA: PTEN loss in the continuum of common 
cancers, rare syndromes and mouse models. Nat Rev Cancer 2011, 11:289-301. 
 
34. Luo JM, Yoshida H, Komura S, Ohishi N, Pan L, Shigeno K, Hanamura I, Miura K, Iida 
S, Ueda R, et al.: Possible dominant-negative mutation of the SHIP gene in acute 
myeloid leukemia. Leukemia 2003, 17:1-8. 
 
35. Luo JM, Liu ZL, Hao HL, Wang FX, Dong ZR, Ohno R: Mutation analysis of SHIP 
gene in acute leukemia. Zhongguo Shi Yan Xue Ye Xue Za Zhi 2004, 12:420-426. 
 
36. Costinean S, Sandhu SK, Pedersen IM, Tili E, Trotta R, Perrotti D, Ciarlariello D, Neviani 
P, Harb J, Kauffman LR, et al.: Src homology 2 domain-containing inositol-5-
phosphatase and CCAAT enhancer-binding protein beta are targeted by miR-
155 in B cells of Emicro-MiR-155 transgenic mice. Blood 2009, 114:1374-1382. 
 
 16 
37. Eis PS, Tam W, Sun L, Chadburn A, Li Z, Gomez MF, Lund E, Dahlberg JE: 
Accumulation of miR-155 and BIC RNA in human B cell lymphomas. Proc Natl 
Acad Sci U S A 2005, 102:3627-3632. 
 
38. Lakhanpal GK, Vecchiarelli-Federico LM, Li YJ, Cui JW, Bailey ML, Spaner DE, 
Dumont DJ, Barber DL, Ben-David Y: The inositol phosphatase SHIP-1 is 
negatively regulated by Fli-1 and its loss accelerates leukemogenesis. Blood 2010, 
116:428-436. 
 
39. Ghansah T, Paraiso KH, Highfill S, Desponts C, May S, McIntosh JK, Wang JW, Ninos J, 
Brayer J, Cheng F, et al.: Expansion of myeloid suppressor cells in SHIP-deficient 
mice represses allogeneic T cell responses. J Immunol 2004, 173:7324-7330. 
 
40. Pilon-Thomas S, Nelson N, Vohra N, Jerald M, Pendleton L, Szekeres K, Ghansah T: 
Murine Pancreatic Adenocarcinoma Dampens SHIP-1 Expression and Alters 
MDSC Homeostasis and Function. PLoS One 2011, 6:e27729. 
 
41. Lee DW, Futami M, Carroll M, Feng Y, Wang Z, Fernandez M, Whichard Z, Chen Y, 
Kornblau S, Shpall EJ, et al.: Loss of SHIP-1 protein expression in high-risk 
myelodysplastic syndromes is associated with miR-210 and miR-155. Oncogene 
2012. 
 
42. Choi Y, Zhang J, Murga C, Yu H, Koller E, Monia BP, Gutkind JS, Li W: PTEN, but not 
SHIP and SHIP2, suppresses the PI3K/Akt pathway and induces growth 
inhibition and apoptosis of myeloma cells. Oncogene 2002, 21:5289-5300. 
 
43. Brooks R, Fuhler GM, Iyer S, Smith MJ, Park MY, Paraiso KH, Engelman RW, Kerr 
WG: SHIP1 inhibition increases immunoregulatory capacity and triggers 
apoptosis of hematopoietic cancer cells. J Immunol 2010, 184:3582-3589. 
** A high throughput screening strategy identified  a SHIP1 selective inhibitor that is capable 
of increasing myeloid immunoregulaotry  cell numbers and function in vivo, impairing  the 
ability of peripheral lymphoid tissues to prime allogeneic T cell responses, enhancing blood 
cell production in myelosuppressed hosts and promoting apoptosis of blood cancer cells. 
 
44. Manning BD, Cantley LC: AKT/PKB signaling: navigating downstream. Cell 2007, 
129:1261-1274 
 
45. Charlier E, Conde C, Zhang J, Deneubourg L, Di Valentin E, Rahmouni S, Chariot A, 
Agostinis P, Pang PC, Haslam SM, et al.: SHIP-1 inhibits CD95/APO-1/Fas-
induced apoptosis in primary T lymphocytes and T leukemic cells by promoting 
CD95 glycosylation independently of its phosphatase activity. Leukemia 2010, 
24:821-832. 
 
46. Yang L, Williams DE, Mui A, Ong C, Krystal G, van Soest R, Andersen RJ: Synthesis of 
pelorol and analogues: activators of the inositol 5-phosphatase SHIP. Org Lett 
2005, 7:1073-1076. 
 
47. Ong CJ, Ming-Lum A, Nodwell M, Ghanipour A, Yang L, Williams DE, Kim J, 
Demirjian L, Qasimi P, Ruschmann J, et al.: Small-molecule agonists of SHIP1 
inhibit the phosphoinositide 3-kinase pathway in hematopoietic cells. Blood 2007, 
110:1942-1949. 
 
 17 
48. Kennah M, Yau TY, Nodwell M, Krystal G, Andersen RJ, Ong CJ, Mui AL: Activation 
of SHIP via a small molecule agonist kills multiple myeloma cells. Exp Hematol 
2009, 37:1274-1283. 
** The authors demonstrate that a small molecule allosteric activator (AQX-MN100) of SHIP 
is sufficient to prevent growth and induce cytotoxicity of multiple myeloma  cell lines, while 
having no significant effects on non-hematopoietic cells lacking SHIP. AQX-MN100 also 
augments the effects of the established agents dexamethasone and bortezomib. These results 
provide the basis for the further study of small molecule SHIP activators to improve multiple 
myeloma  patient outcomes. 
 
 
49. Fuhler GM, Brooks R, Toms B, Iyer S, Gengo EA, Park MY, Gumbleton M, Viernes DR, 
Chisholm JD, Kerr WG: Therapeutic potential of SHIP1 and SHIP2 inhibition in 
cancer cells. Mol Med 2011. 
 
50. Kerr WG: Inhibitor and activator: dual functions for SHIP in immunity and cancer. 
Ann N Y Acad Sci 2011, 1217:1-17. 
 
51. Ooms LM, Horan KA, Rahman P, Seaton G, Gurung R, Kethesparan DS, Mitchell CA: 
The role of the inositol polyphosphate 5-phosphatases in cellular function and 
human disease. Biochem J 2009, 419:29-49. 
 
52. Suwa A, Yamamoto T, Sawada A, Minoura K, Hosogai N, Tahara A, Kurama T, 
Shimokawa T, Aramori I: Discovery and functional characterization of a novel 
small molecule inhibitor of the intracellular phosphatase, SHIP2. Br J Pharmacol 
2009, 158:879-887. 
* The authors describe a novel inhibitor of SHIP-2 catalytic activity. This compound provides 
an extremely useful tool for investigating the role of SHIP-2 in immune cell function and the 
potential of targeting SHIP-2 for therapeutic purposes 
 
 
53. Vandeput F, Combettes L, Mills SJ, Backers K, Wohlkonig A, Parys JB, De Smedt H, 
Missiaen L, Dupont G, Potter BV, et al.: Biphenyl 2,3',4,5',6-pentakisphosphate, a 
novel inositol polyphosphate surrogate, modulates Ca2+ responses in rat 
hepatocytes. FASEB J 2007, 21:1481-1491. 
 
54. Mills SJ, Persson C, Cozier G, Tresaugues L, Erneux C, Riley AM, Potter BV, Nordlund 
P, Thomas MP: A Synthetic Polyphosphoinositide Headgroup Surrogate in 
Complex with SHIP2 Provides a Rationale for Drug Discovery. ACS Chem Biol 
2012 DOI: 10.1021/cb200494d 
* Reports the structure of the phosphatase domain of human SHIP2  in complex with 
BiPh(2,3',4,5',6)P5 at 2.1 Å resolution. Together with results of molecular dynamics 
simulations,  this work suggests a rationale for the design of inhibitors of SHIP2. 
 
 
55. Edling CE, Selvaggi F, Buus R, Maffucci T, Di Sebastiano P, Friess H, Innocenti P, 
Kocher HM, Falasca M: Key role of phosphoinositide 3-kinase class IB in 
pancreatic cancer. Clin Cancer Res 2010, 16:4928-4937. 
 
56. Brazzatti JA, Klingler-Hoffmann M, Haylock-Jacobs S, Harata-Lee Y, Niu M, Higgins 
MD, Kochetkova M, Hoffmann P, McColl SR: Differential roles for the p101 and 
 18 
p84 regulatory subunits of PI3Kgamma in tumor growth and metastasis. 
Oncogene 2011. 
 
57. Rauh MJ, Ho V, Pereira C, Sham A, Sly LM, Lam V, Huxham L, Minchinton AI, Mui A, 
Krystal G: SHIP represses the generation of alternatively activated macrophages. 
Immunity 2005, 23:361-374. 
 
58. Moon JB, Kim JH, Kim K, Youn BU, Ko A, Lee SY, Kim N: Akt Induces Osteoclast 
Differentiation through Regulating the GSK3beta/NFATc1 Signaling Cascade. J 
Immunol 2011. 
 
59. Kerr WG, Park MY, Maubert M, Engelman RW: SHIP deficiency causes Crohn's 
disease-like ileitis. Gut 2011, 60:177-188. 
 
60. Peng Q, Malhotra S, Torchia JA, Kerr WG, Coggeshall KM, Humphrey MB: TREM2- 
and DAP12-dependent activation of PI3K requires DAP10 and is inhibited by 
SHIP1. Sci Signal 2010, 3:ra38. 
* Identifies a mechanism for the regulation of PI3K by SHIP1 that occurs by the docking of 
SHIP1 at an immunoreceptor ITAM, which directly prevented the recruitment of PI3K to the 
signaling complex. This mechanism may be particularly important for regulation of tonic 
ITAM signals or to facilitate the generation of inhibitory signals that are needed to prevent 
excessive innate immune responses. 
 
 
61. Kalesnikoff J, Lam V, Krystal G: SHIP represses mast cell activation and reveals that 
IgE alone triggers signaling pathways which enhance normal mast cell survival. 
Mol Immunol 2002, 38:1201-1206. 
 
62. Tarasenko T, Kole HK, Chi AW, Mentink-Kane MM, Wynn TA, Bolland S: T cell-
specific deletion of the inositol phosphatase SHIP reveals its role in regulating 
Th1/Th2 and cytotoxic responses. Proc Natl Acad Sci U S A 2007, 104:11382-
11387. 
 
63. Bolland S, Pearse RN, Kurosaki T, Ravetch JV: SHIP modulates immune receptor 
responses by regulating membrane association of Btk. Immunity 1998, 8:509-516. 
 
64. O'Neill SK, Getahun A, Gauld SB, Merrell KT, Tamir I, Smith MJ, Dal Porto JM, Li QZ, 
Cambier JC: Monophosphorylation of CD79a and CD79b ITAM Motifs Initiates a 
SHIP-1 Phosphatase-Mediated Inhibitory Signaling Cascade Required for B Cell 
Anergy. Immunity 2011, 35:746-756. 
 
65. Kuroda E, Ho V, Ruschmann J, Antignano F, Hamilton M, Rauh MJ, Antov A, Flavell 
RA, Sly LM, Krystal G: SHIP represses the generation of IL-3-induced M2 
macrophages by inhibiting IL-4 production from basophils. J Immunol 2009, 
183:3652-3660. 
 
66. Kamen LA, Levinsohn J, Cadwallader A, Tridandapani S, Swanson JA: SHIP-1 
increases early oxidative burst and regulates phagosome maturation in 
macrophages. J Immunol 2008, 180:7497-7505. 
 
67. Antignano F, Ibaraki M, Kim C, Ruschmann J, Zhang A, Helgason CD, Krystal G: SHIP 
is required for dendritic cell maturation. J Immunol 2010, 184:2805-2813. 
 19 
 
68. Antignano F, Hamilton M, Patterson S, Ho V, Cohen C, Levings MK, Krystal G: SHIP-
deficient dendritic cells, unlike wild type dendritic cells, suppress T cell 
proliferation via a nitric oxide-independent mechanism. PLoS One 2011, 
6:e21893. 
 
69. Fortenbery NR, Paraiso KH, Taniguchi M, Brooks C, Ibrahim L, Kerr WG: SHIP 
influences signals from CD48 and MHC class I ligands that regulate NK cell 
homeostasis, effector function, and repertoire formation. J Immunol 2010, 
184:5065-5074. 
 
 
 20 
 
Figure Legends: 
 
Figure 1: Chemical Structures of PI3K inhibitors and SHIP-targeting 
compounds. 
 
Figure 2. Structure of SHIP-1 
SHIP-1 possesses a centrally located 5’ phosphatase catalytic domain. A SH2 
domain at the N-terminus and NPXY motifs at the C-terminus [25]. SHIP also 
has a C2 domain adjacent to the catalytic domain which, when bound to 
PI(3,4)P2, acts to allosterically enhance the catalytic activity of SHIP [47].  
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Table 1. Clinical trials status of PI3K and SHIP-1 targeting compounds for 
the treatment of inflammatory disorders  
 
 
Compound Company Target Phase Status Condition Reference 
CAL-101 Gilead Sciences PI3Kδ I Completed Allergic 
Rhinitis 
http://clinicaltrials
.gov/ct2/show/NC
T00836914 
CAL-263 Gilead Sciences PI3Kδ I Completed Allergic 
Rhinitis 
http://clinicaltrials
.gov/ct2/show/NC
T01066611 
IPI-145 Infinity and 
Intellikine 
PI3Kδ/γ I Initiated Inflammatory 
disorders 
http://www.intelli
kine.com/pipeline
/ipi145.html 
AQX-1125 Aquinox 
Pharmaceuticals 
SHIP-1 IIa Initiated Asthma http://www.aqxph
arma.com/content
/aquinox-
pharmaceuticals-
initiates-two-
phase-iia-clinical-
studies-airway-
inflammation 
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Table 2.  Impact of SHIP-1 Gene Targeting on Leukocytes 
 
Cell 
Type 
Phenotype of SHIP-1 KO 
Mast cell Degranulation with IgE stimulation alone [61] 
 
T cell 
 
 
 
 
Basophils 
Increased regulatory T cell differentiation, decreased Th17 development 
[30] 
Enhanced Th1 differentiation and CD8 cytotoxic activity. Decreased Th2 
differentiation [62]  
 
SHIP
-/-
 mice show increased Th2 skewing due to increased IL-4 secretion 
from basophils [31]) 
 
B cell Btk membrane association increased. Hyper-responsive to cross-linking of 
BCR [63] 
Loss of anergy, production of auto-antibodies [64] 
 
Myeloid 
cell 
Increased myeloid suppressor cell numbers [39] 
Increased M2 macrophage skewing (indirect mechanism via increased IL-4 
secretion from basophils) [65] 
Increased ratio of PI(3,4,5)P3 to PI(3,4)P2 on phagosomal membrane. 
Decreased early NADPH oxidative activity in phagosomes [66] 
 
Dendritic 
cell 
Enhanced survival and proliferation, but impaired maturation [67] 
Reduced nitric oxide production; SHIP null DC’s suppress T cell 
proliferation [68] 
 
Natural 
Killer cells 
Deficient receptor repertoire. Defective IFNγ secretion. Increase in 
peripheral number. Defective cytolytic function. [69]. 
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